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(57) ABSTRACT

In a liquid ejection control device, an operation unit includes
a momentum dial for inputting a momentum instructing
value related to momentum of a pulsed liquid jet ejected
from a liquid ejection device, and a repetitive frequency dial
for inputting a repetitive frequency instructing value related
to the number of times ejection of the pulsed liquid occurs
per unit time. In addition, a controller includes a voltage
magnitude setting section that sets voltage magnitude of the
drive voltage waveform such that the momentum becomes
the momentum instructing value, based on a rising index
value related to rising of the drive voltage waveform and the
repetitive frequency instructing value.
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LIQUID EJECTION CONTROL DEVICE,
LIQUID EJECTION SYSTEM, AND
CONTROL METHOD

PRIORITY INFORMATION

The present invention claims priority to Japanese Patent
Application No. 2014-261256 filed Dec. 24, 2014, which is
incorporated herein by reference in its entirety.

BACKGROUND

1. Technical Field

The present invention relates to a liquid ejection control
device that controls a liquid ejection device which uses a
piezoelectric element and ejects a liquid having a pulsed
shape.

2. Related Art

A technology, in which a liquid is ejected using a pulsed
shape ejection pulse in order to cut a cutting target object, is
known. Ejection of a liquid to have a pulsed shape means a
jet flow of liquid is ejected from a nozzle in a pulsating
manner, and thus, in this specification, the ejection is prop-
erly referred to as a “pulsed liquid jet.”

The pulsed liquid jet is variously used, and, for example,
JP-A-2005-152127 proposes a technology which is used for
performing surgery in the medical field. In this case, the
cutting target object is a living tissue and the liquid is saline.

A mechanism which uses a piezoelectric element is one of
the known mechanisms which is used to generate a pulsed
liquid jet. In the mechanism, drive voltage having a pulsed
wave shape is applied to a piezoelectric element and thereby,
the piezoelectric element generates momentary pressure
such that the liquid is ejected in a pulsed shape. Accordingly,
in a case where strength of a pulsed liquid jet is changed, the
drive voltage which is applied to the piezoelectric element is
controlled. Therefore, it is conceivable to use a type of
mechanism in which a characteristic value of the drive
voltage which is applied to the piezoelectric element, such
as a magnitude of a drive voltage waveform (voltage mag-
nitude, also referred to as a size of drive voltage) is con-
trolled by an operation unit such as an operation dial, an
operation button, or the like, and thereby the strength of the
pulsed liquid jet is changeable.

However, even when the characteristic value of the drive
voltage which is controlled by the operation unit is changed,
it is often not possible to change a cutting mode such as a
cutting depth or a cutting volume of the cutting target object
as intended by a user. A detailed description thereof will be
provided below, and, for example, in many instances even
when a user changes the voltage magnitude to be twice or
four times, or half or one fourth of the magnitude, the cutting
depth or the cutting volume is not necessarily changed at
equivalent amounts. In a case where the pulsed liquid jet is
used for surgery, a problem arises in that a surgeon’s
operation sense does not work as intended.

Meanwhile, if an ejection cycle of the pulsed liquid jet is
changeable, it is possible to increase or decrease a cutting
depth or a cutting volume per unit time and it is possible to
adjust a speed of cutting a cutting target object. However,
since the shape of the drive voltage waveform is changed
when the ejection cycle is changed, the strength of a liquid
jet for one pulse or the like can change. Accordingly, the
cutting depth or the cutting volume obtained by a pulsed
liquid jet for one pulse changes before and after the ejection
cycle is changed, which can result in a case where a cutting
speed proportional to an ejection frequency intended by a

10

30

40

45

50

2

user is not obtained even when the ejection cycle is short,
that is, when the ejection frequency is high.

SUMMARY

An advantage of some aspects of the invention is to
propose a technology in which strength of a pulsed liquid jet
can be set as intended by a user and usability is improved.

A first aspect of the invention is directed to a liquid
ejection control device in which a predetermined drive
voltage waveform is applied to a piezoelectric element to
control the ejection of a pulsed liquid jet of liquid having a
pulsed shape from a liquid ejection device that uses the
piezoelectric element. The liquid ejection control device
includes a first operation unit for inputting a first instructing
value related to momentum of the pulsed liquid jet, a second
operation unit for inputting a second instructing value
related to the number of times of an ejection of the pulsed
liquid is performed per unit time, and a voltage magnitude
setting section that sets voltage magnitude of the drive
voltage waveform such that the momentum becomes the first
instructing value, based on an index value related to rising
of the drive voltage waveform and the second instructing
value.

As another aspect of the invention, the invention may be
configured as a control method in which a predetermined
drive voltage waveform is applied to a piezoelectric element
to control the ejection of a pulsed liquid jet of liquid having
a pulsed shape from a liquid ejection device that uses the
piezoelectric element. The control method includes input-
ting a first instructing value related to momentum of the
pulsed liquid jet, inputting a second instructing value related
to the number of times ejection of the pulsed liquid is
performed per unit time, and setting voltage magnitude of
the drive voltage waveform such that the momentum
becomes the first instructing value, based on an index value
related to rising of the drive voltage waveform and the
second instructing value.

According to the first aspect of the invention, when the
first instructing value related to the momentum of the pulsed
liquid jet and the second instructing value related to the
number of times of ejection of the pulsed liquid is performed
per unit time are input, the voltage magnitude of the drive
voltage waveform is set such that the momentum becomes
the first instructing value based on the index value related to
the rising of the drive voltage waveform and the second
instructing value. As will be described below, a cutting depth
or a cutting volume is closely related to the momentum of
the pulsed liquid jet. Accordingly, direct instruction of the
momentum of the pulsed liquid jet enables a cutting depth or
a cutting volume, which meets a user’s intention or opera-
tional sense, to be realized and enables usability to be
improved.

In addition, it is possible to select the number of times of
ejection of the pulsed liquid per unit time is performed. In
this manner, for example, it is possible to increase or
decrease the number of times ejection is performed per unit
of time while the first instructing value is maintained.
Accordingly, it is possible to adjust a cutting speed without
change in the cutting depth or the cutting volume by the
pulsed liquid jet for one pulse before and after the number
of times of ejection is changed and improvement of usability
is achieved.

A second aspect of the invention is directed to the first
aspect of the invention, in which the liquid ejection control
device further includes a third operation unit for inputting a
third instructing value related to the index value.
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According to the second aspect of the invention, it is
possible to input the third instructing value related to the
index value of the drive voltage waveform.

A third aspect of the invention is directed to the first or
second aspect of the invention, in which the liquid ejection
control device further includes a falling shape setting section
that changeably sets a falling shape of the drive voltage
waveform depending on the second instructing value.

According to the third aspect of the invention, the falling
shape of the drive voltage waveform is changeably set, and
thereby it is possible to control the repeating ejection of the
pulsed liquid jets such that the number of times of ejection
of the pulsed liquid is performed per unit time becomes the
second instructing value while a predetermined or desirable
rising shape of the drive voltage waveform is maintained.

A fourth aspect of the invention is directed to any one of
the first to third aspects of the invention, in which the liquid
ejection control device further includes a display control unit
that performs control of display of at least one of the first
instructing value and the second instructing value.

According to the fourth aspect of the invention, it is
possible to display at least one of the first instructing value
related to the momentum of the pulsed liquid jet and the
second instructing value related to the number of times of
ejection of the pulsed liquid is performed per unit time. In
this manner, it is possible to visually check momentum of
the current pulsed liquid jet instructed by a user or the index
indicating the number of times of ejection per unit time.
Accordingly, it is possible to further improve usability.

A fifth aspect of the invention is directed to any one of the
first to fourth aspects of the invention, in which the liquid
ejection device is controlled such that momentum of the
pulsed liquid jet is from 2 nNs (nanonewton seconds) to 2
mNs (millinewton seconds) or kinetic energy is from 2 nJ
(nanojules) to 200 mJ (millijules).

According to the fifth aspect of the invention, the momen-
tum of the pulsed liquid jet is from 2 nNs to 2 mNs or the
kinetic energy is from 2 nJ to 200 mJ and it is possible to
control the liquid ejection device in the above range. In this
manner, it is suitable for cutting a flexible material such as
a living tissue or food, a gel material, or a resin material such
as rubber, or plastics.

A sixth aspect of the invention is directed to any one of the
first to fifth aspects of the invention, in which the liquid
ejection device is controlled to cut a living tissue by the
pulsed liquid jet.

According to the sixth aspect of the invention, for
example, it is possible to control the strength of the pulsed
liquid jet suitable for surgery.

A seventh aspect of the invention is directed to a liquid
ejection system including the liquid ejection control device
according to any one of the first to sixth aspects of the
invention, a liquid ejection device, and a feeding pump
device.

According to the seventh aspect of the invention, it is
possible to realize the liquid ejection system in which the
effects of the operations according to the first to sixth aspects
are achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference
like elements.

FIG. 1 is a view showing an example of an entire
configuration of a liquid ejection system;
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FIG. 2 is a view showing an internal structure of a liquid
ejection device;

FIGS. 3A and 3B are diagrams showing a drive voltage
waveform for one cycle of a piezoelectric element and a flow
velocity waveform of a liquid at a liquid ejection opening;

FIGS. 4A 10 4C are diagrams showing mass flux, momen-
tum flux, and energy flux;

FIGS. 5A to 5C are diagrams showing a flow velocity
waveform of a primary jet which is used in a simulation of
a cutting mode of a cutting target object;

FIGS. 6A to 6F are diagrams showing simulation results
(cutting depths);

FIGS. 7A to 7F are diagrams showing simulation results
(cutting volume);

FIGS. 8A and 8B are diagrams showing simulation results
of the flow velocity waveform of the primary jet in a case
where drive voltage waveforms of different rising frequen-
cies are applied;

FIGS. 9A and 9B are diagrams showing simulation results
of the flow velocity waveform of the primary jet in a case
where drive voltage waveforms of different voltage magni-
tude are applied;

FIGS. 10A and 10B are diagrams showing simulation
results of the flow velocity waveform of the primary jet in
a case where drive voltage waveforms of different repetitive
frequencies are applied;

FIG. 11 is a diagram showing a correspondence relation-
ship between momentum P, a rising frequency, and a voltage
magnitude, at a predetermined repetitive frequency;

FIG. 12 is a diagram showing an operation panel of a
liquid ejection control device according to Example 1;

FIG. 13 is a block diagram showing an example of a
functional configuration of the liquid ejection control device
according to Example 1;

FIG. 14 is a diagram showing an example of a data
configuration of a momentum conversion table according to
Example 1;

FIG. 15 is a flowchart showing a flow of a process which
is performed by a controller during the ejection of a pulsed
liquid jet according to Example 1.

FIG. 16 is a diagram showing an operation panel of a
liquid ejection control device according to Example 2;

FIG. 17 is a block diagram showing an example of a
functional configuration of the liquid ejection control device
according to Example 2;

FIG. 18 is a diagram showing an example of a data
configuration of a momentum conversion table according to
Example 2; and

FIG. 19 is a flowchart showing a flow of a process which
is performed by a controller on the occasion of ejection of
a pulsed liquid jet according to Example 2.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, a configuration for realizing a liquid ejection
control device, a liquid ejection system, and a control
method according to the invention will be described. Fur-
ther, the invention is not limited to the embodiments to be
described below and a configuration which is applicable to
the invention is not limited to the following embodiments,
either. In addition, in description of the drawings, the same
signs are assigned to the same components.

Overall Configuration

FIG. 1 is a view showing an example of an entire
configuration of a liquid ejection system 1 according to one
embodiment of the invention. The liquid ejection system is



US 9,456,841 B2

5

used for cutting work of a flexible material, for example, for
surgery in which a living tissue is a cutting target object, for
a food process in which food is the cutting target object, for
processing of a gel material or for cutting work of a resin
material such as rubber or plastics. In the liquid ejection
system, a pulsed liquid jet having momentum in a range
from 2 [nNs (nanonewton seconds)] to 2 [mNs (millinewton
seconds)] or kinetic energy in a range from 2 [nJ] (nano-
jules)] to 200 [mJ (millijules)] is ejected and the cutting
target object is cut. Hereinafter, a case where a liquid
ejection system 1 is used for surgery to perform incision,
excision, or lithotripsy (collectively referred to as “cutting”)
of an affected area (living tissue) is illustrated. In addition,
in description according to the embodiment, momentum flux
and momentum indicate scalar quantity in which only an
ejecting direction component of a pulsed liquid jet is con-
sidered, that is, a size.

As shown in FIG. 1, the liquid ejection system 1 includes
a container 10 which contains a liquid, a feeding pump
device 20, a liquid ejection device 30 for ejecting the liquid
having a pulsed shape toward a cutting target object, and a
liquid ejection control device 70.

In the liquid ejection system 1, the liquid ejection control
device 70 includes an operation panel 80 on which a surgeon
operates during surgery. The operation panel 80 is used for
inputting various operations such as an increase/decrease
operation of the momentum. In addition, the liquid ejection
control device 70 includes an ejection pedal 83 which is used
for switching between ejection start and ejection stop of the
pulsed liquid jet by being pressed with a surgeon’s foot.

The container 10 contains a liquid such as water, saline,
or liquid medicine. The feeding pump device 20 supplies the
liquid contained in the container 10 invariably at a prede-
termined pressure and at a predetermined flow rate through
connection tubes 91 and 93 to a pulse flow generator 40 of
the liquid ejection device 30.

The liquid ejection device 30 is a section (hand piece)
which is gripped and operated by a surgeon during surgery
and includes a pulse flow generator 40 which applies pul-
sation to the liquid supplied from the feeding pump device
20 and generates a pulse flow, and a pipe-like ejection tube
50. The liquid ejection device 30 ejects the pulse flow
generated by the pulse flow generator 40 as a pulsed liquid
jet through the ejection tube 50 and, finally, from a liquid
ejection opening 61 (refer to FIG. 2) provided in a nozzle 60.

Here, the pulse flow means a pulsating flow of a liquid in
which the flow velocity or pressure of the liquid significantly
and rapidly changes in terms of time. Similarly, ejection of
a liquid having a pulsed shape means pulsating ejection of
the liquid in which the flow velocity of the liquid passing
through a nozzle significantly changes in terms of time. In
the embodiment, a case where a pulsed liquid jet generated
by applying cyclic pulsation to a steady flow is described;
however, the invention can be similarly applied to sporadic
or intermittent ejection of the pulsed liquid jets in which
ejection and non-ejection of the liquid are repeated.

FIG. 2 is a cross-sectional view illustrating a cross-section
of the liquid ejection device 30 in order to illustrate the
internal configuration of the liquid ejection device 30, the
cross-section being sectioned in an ejection direction. Fur-
ther, components or portions shown in FIG. 2 have a vertical
and horizontal scale different from that in reality, for con-
venience of drawing. As shown in FIG. 2, the pulse flow
generator 40 has a configuration in which a piezoelectric
element 45 and a diaphragm 46 for changing the volume of
a pressure chamber 44 are disposed in a cylindrical inside
space formed by a first case 41, a second case 42, a third case
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43. The cases 41, 42, and 43 are joined on surfaces facing
each other and are integrated.

The diaphragm 46 is a disc-shaped thin metal plate and an
outer circumferential portion thereof is interposed and fixed
between the first case 41 and the second case 42. The
piezoelectric element 45 is, for example, a stacked piezo-
electric element and one end thereof is fixed to the dia-
phragm 46 between the diaphragm 46 and the third case 43
and the other end thereof is fixed to the third case.

The pressure chamber 44 is a space surrounded by the
diaphragm 46 and a recessed section 411 formed in a surface
facing the diaphragm 46 of the first case 41. An inlet channel
413 and an outlet channel 415 which communicate with the
pressure chamber 44 are formed in the first case 41. An inner
diameter of the outlet channel 415 is formed to be greater
than an inner diameter of the inlet channel 413. The inlet
channel 413 is connected to the connection tube 93 and
guides the liquid supplied from the feeding pump device 20
to the pressure chamber 44. One end of the ejection tube 50
is connected to the outlet channel 415 and the liquid which
flows in the pressure chamber 44 is guided to the ejection
tube 50. The nozzle 60, which includes the liquid ejection
opening 61 having an inner diameter smaller than an inner
diameter of the ejection tube 50, is inserted into the other end
(distal end) of the ejection tube 50.

In the liquid ejection system 1 configured as above, under
control by the liquid ejection control device 70, the liquid
contained in the container 10 is supplied at a predetermined
pressure or at a predetermined flow rate by the feeding pump
device 20 to the pulse flow generator 40 through the con-
nection tube 93. Meanwhile, when a drive signal is applied
to the piezoelectric element 45 under the control by the
liquid ejection control device 70, the piezoelectric element
45 expands and contracts (arrow A in FIG. 2). Since the
drive signal applied to the piezoelectric element 45 is
repetitively applied at a predetermined repetitive frequency
(for example, tens of [Hz] to hundreds of [Hz]), the expan-
sion and contraction of the piezoelectric element 45 are
repeated for each cycle. In this manner, pulsation is applied
to the steady flow of the liquid flowing in the pressure
chamber 44 and the pulsed liquid jets are repetitively ejected
from the liquid ejection opening 61.

FIG. 3A is a diagram showing an example of a drive
voltage waveform .11 of a drive signal for one cycle, which
is applied to the piezoelectric element 45 and also showing
a flow velocity waveform [.13 of the liquid in the liquid
ejection opening 61. In addition, FIG. 3B is a diagram
showing a flow velocity waveform (central peak portion) S1
having the highest peak, which is taken from the peak of the
flow velocity waveform 113 in FIG. 3A.

Tp shown in FIG. 3A represents a repetitive cycle (time
for one cycle of the drive voltage waveform) and a recip-
rocal of Tp means the repetitive frequency described above.
Further, a repetitive cycle Tp becomes about 1 [ms (milli-
second)] to 100 [ms] and time (rising time) Tpr required for
the drive voltage waveform to rise to the maximum voltage
becomes about 10 [us (microseconds)] to 1000 [us (micro-
seconds)]. The repetitive cycle Tp is set to be a period of
time longer than the rising time Tpr. In addition, when a
reciprocal of the rising time Tpr is the rising frequency, the
repetitive frequency is set as a frequency lower than the
rising frequency. The rising frequency and the rising time
are index values (rising index values) related to rising of the
drive voltage.

For example, when the piezoelectric element 45 expands
in a case where a positive voltage is applied, the piezoelec-
tric element rapidly extends during rising time Tpr and the
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diaphragm 46 is pushed by the piezoelectric element 45 and
is bent toward the pressure chamber 44 side. When the
diaphragm 46 is bent to the pressure chamber 44 side, the
volume of the pressure chamber 44 becomes smaller and the
liquid in the pressure chamber 44 is pushed out from the
pressure chamber 44. Here, since the inner diameter of the
outlet channel 415 is greater than the inner diameter of the
inlet channel 413, the fluid inertance and fluid resistance of
the outlet channel 415 is smaller than the fluid resistance of
the inlet channel 413. Accordingly, most of the liquid pushed
out from the pressure chamber 44 through rapid expansion
of the piezoelectric element 45 is guided to the ejection tube
50 through the outlet channel 415, and then a liquid droplet
having a pulsed shape, that is, a pulsed liquid jet, is formed
by the liquid ejection opening 61 having a diameter smaller
than the inner diameter of the ejection tube and is ejected at
a high speed.

After the voltage is increased to the maximum voltage, the
drive voltage is gradually lowered. Then, the piezoelectric
element 45 is contracted over a period of time longer than
the rising time Tpr and the diaphragm 46 is pulled by the
piezoelectric element 45 and is bent to the third case 43 side.
When the diaphragm 46 is bent to the third case 43 side, the
volume of the pressure chamber 44 is increased and the
liquid is guided into the pressure chamber 44 from the inlet
channel 413.

Further, since the feeding pump device 20 supplies the
liquid at the predetermined pressure or at the predetermined
flow rate to the pulse flow generator 40, the liquid (steady
flow) flowing in the pressure chamber 44 is guided to the
ejection tube 50 through the outlet channel 415 and is
ejected from the liquid ejection opening 61 when the piezo-
electric element 45 does not perform expansion and con-
traction operations. Since the ejection is performed as a
liquid flow at a constant and low speed, the liquid flow is
referred to as the steady flow.

Principle

A value, by which the pulsed liquid jet is characterized, is
based on both the drive voltage waveform .11 and the flow
velocity waveform 113 of a jet for one pulse in the liquid
ejection opening 61 shown in FIG. 3A. The central peak
portion (a jet of the peak wave) having the maximum flow
velocity, which is generated immediately after rising of the
drive voltage taken from FIG. 3B, is noticeable. Another low
peak is formed due to a jet which is ejected collaterally
through back and forth reflection of a wave having pressure
fluctuation, which is generated in the pressure chamber 44 at
the time of expansion of the piezoelectric element 45, within
the ejection tube 50; however, what determines a cutting
mode such as a cutting depth or a drive voltage of the cutting
target object is the jet (hereinafter, referred to as a primary
jet) of the peak wave in which the flow velocity is greatest.

However, in a case where strength of the pulsed liquid jet
is changed such that the cutting depth or the cutting volume
of the cutting target object is changed, the drive voltage
waveform of the piezoelectric element 45 is controlled. It is
conceivable to employ a method in which the control of the
drive voltage waveform is performed by a surgeon who
instructs a rising frequency of the drive voltage waveform or
magnitude (voltage magnitude) of the drive voltage wave-
form as a voltage characteristic value thereof. For example,
it is conceivable to employ a method in which a surgeon
instructs the rising frequency (or, the rising time Tpr) at a
state at which the voltage magnitude is fixed, or the surgeon
instructs the voltage magnitude in a state in which the rising
frequency is fixed. This is because the voltage magnitude or
the rising frequency (rising time Tpr) thereof has a signifi-
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cant influence on a flow velocity waveform of the primary
jet. After the drive voltage is increased to the maximum
voltage, the drive voltage gradually lowered from the maxi-
mum voltage has little influence on the flow velocity wave-
form of the primary jet. Accordingly, when the rising fre-
quency becomes high or the voltage magnitude is increased,
it is considered that the cutting depth is increased and the
cutting volume is increased proportional thereto.

However, a cutting depth or a cutting volume of the
cutting target object is not necessarily changed in proportion
to the increase and decrease of the voltage characteristic
value in some cases, and as such, usability deteriorates. For
example, a case can be brought about, in which the cutting
depth or the cutting volume is not increased as expected
even when a surgeon increases the voltage magnitude two
times or the cutting depth or the cutting volume is not
decreased as designed even when the voltage magnitude is
decreased to be half. Accordingly, there can be an occur-
rence of a situation in which a surgeon does not achieve a
desirable cutting depth or cutting volume. This is a problem
which results in extension of surgery time.

In addition, there is a case in which a cutting speed needs
to be adjusted, independent of the strength of the pulsed
liquid jet. As a type of method for this, it is conceivable to
employ a method in which a surgeon instructs the repetitive
frequency of the drive voltage waveform. For example, to
increase the repetitive frequency means that the number of
times of ejection of the pulsed liquid jets per unit time is
increased, and the finally achieved cutting depth or cutting
volume is changed.

However, the drive voltage waveform is changed when
the repetitive frequency is changed. Therefore, even when
the repetitive frequency is changed, the cutting depth or the
cutting volume per unit time is not changed in proportion
thereto and a surgeon performs surgery with deteriorated
usability. Specifically, it is conceivable to employ a method
in which the entire drive voltage waveform is simply
extended and contracted in a time axis direction, and thereby
the repetitive frequency is changed. However, in this
method, since the rising frequency which has a significant
influence on the flow velocity waveform of the primary jet
is likely to be changed, the strength of the pulsed liquid jet
is likely to be changed as described above. Accordingly, a
cutting speed is not achieved in proportion to the repetitive
frequency, as intended.

Therefore, the flow velocity waveform of the primary jet
is focused and correlations between several parameters,
which are determined depending on the flow velocity wave-
form of the primary jet, and the cutting depth and the cutting
volume are examined. This is because it is possible to
control the piezoelectric element 45 with the optimum drive
voltage waveform for achieving the cutting depth or the
cutting volume as exact as a surgeon’s operation sense when
a parameter having a close correlation with the cutting depth
or the cutting volume is found.

First, mass flux [kg/s], momentum flux [N], and energy
flux [W] of the primary jet passing through the liquid
ejection opening 61 are examined, based on a flow velocity
waveform v [m/s] of the primary jet in the liquid ejection
opening 61. The mass flux corresponds to a mass [kg/s| of
the liquid passing through the liquid ejection opening 61 per
unit time. The momentum flux corresponds to momentum
[N] of the liquid passing through the liquid ejection opening
61 per unit time. The energy flux corresponds to energy [W]
of the liquid passing through the liquid ejection opening 61
per unit time. Further, the energy indicates the kinetic
energy, and, hereinafter, is abbreviated to “energy”.
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Since the liquid is released to a free space from the liquid
ejection opening 61, pressure can be set nearly to “0”. In
addition, a speed in a direction (radial direction of the liquid
ejection opening 61) orthogonal to a jet ejecting direction of
the liquid can be set nearly to “0”. When it is assumed that
the liquid has no speed distribution in the radial direction of
the liquid ejection opening 61, it is possible to obtain mass
flux Jm [kg/s], momentum flux Jp [N], and energy flux Je
[W] of passing through the liquid ejection opening 61 by the
following equations (1), (2), and (3). S [m?] represents a
sectional area of a nozzle and p [kg/m’] represents working
fluid density.

Jm=Spv (€8]

Jp=S-p? 2

Je=Yop-Sv> 3)

FIGS. 4A to 4C are diagrams showing mass flux Jm (4A),
momentum flux Jp (4B), and energy flux Je (4C) which are
obtained from the flow velocity waveform of the primary jet
shown in FIG. 3B. When the mass flux Jm, the momentum
flux Jp, and the energy flux Je are integrated, respectively,
within a period of time (duration time) T from rising to
falling of the flow velocity waveform of the primary jet, it
is possible to obtain mass, momentum, and energy of the
liquid ejected from the liquid ejection opening 61, as the
primary jet.

It is conceivable that the cutting depth and the cutting
volume by a jet for one pulse can be determined from the
respective values of the mass flux Jm, the momentum flux
Jp, the energy flux Je, the mass, the momentum, and the
energy which are calculated in the manner described above.
Here, all the values are a physical quantity containing
amount corresponding to the steady flow and, more impor-
tantly, are values obtained by excluding an amount corre-
sponding to contribution to the steady flow.

Therefore, in terms of mass flux Jm in FIG. 4A, two
parameters of the maximum mass flux Jm_max [kg/s]
obtained by subtracting mass flux Jm_BG [kg/s] of the
steady flow from the peak value (maximum value) of the
mass flux Jm, and discharge mass M [kg], which is obtained
by subtracting the amount corresponding to the steady flow
from mass of the liquid discharged as the primary jet from
the liquid ejection opening 61 and is shown by being hatched
in FIG. 4A, are defined. The discharge mass M is repre-
sented by the following equation (4).

M=[(Jm-Jm_BG)dr (©)]

In terms of momentum flux Jp in FIG. 4B, two parameters
of the maximum momentum flux Jp_max [N] obtained by
subtracting momentum flux Jp_BG [N] of the steady flow
from the peak value (maximum value) of the momentum
flux Jp, and momentum P [Ns], which is obtained by
excluding the amount corresponding to the steady flow from
momentum of the liquid discharged as the primary jet from
the liquid ejection opening 61 and is shown by being hatched
in FIG. 4B, are defined. The momentum P is represented by
the following equation (5).

P=[(Jp-Jp_BG)dr ®

In terms of energy flux Je in FIG. 4C, two parameters of
the maximum energy flux Je_max [W] obtained by subtract-
ing energy flux Je_BG [W] of the steady flow from the peak
value (maximum value) of the energy flux Je, and energy E
[J], which is obtained by subtracting the amount correspond-
ing to the steady flow from energy of the liquid discharged
as the primary jet from the liquid ejection opening 61 and is
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shown by being hatched in FIG. 4C, are defined. The energy
E is represented by the following equation (6).

E=f(Je-Je_BG)dt (6)

Here, an integration section in the above equations (4),
(5), and (6) is time (duration time) T from rising to falling
of the primary jet in the respective flow velocity waveforms.

Therefore, it is examined how closely the six parameters
of the maximum mass flux Jm_max, the discharge mass M,
the maximum momentum flux Jp_max, the momentum P,
the maximum energy flux Je_max, and the energy E are
correlated with the cutting depth and the cutting volume,
respectively, using a numerical simulation.

Here, the pulsed liquid jet is a fluid and the cutting target
object is a flexibly elastic body. Accordingly, an appropriate
breakdown threshold value is set on the flexibly elastic body
side so as to perform a simulation of breakdown behavior of
the cutting target object by the pulsed liquid jet, and so-
called interaction analysis (fluid/structure interaction analy-
sis (FSI)) of a fluid and a structure (here, a flexibly elastic
body) has to be performed. Examples of a calculation
technique of the simulation include a technique using a finite
element method (FEM), a technique using a particle method
represented by smoothed particle hydrodynamics (SPH) or
the like, a technique of combination of the finite element
method and the particle method, or the like. There is no
particular limitation on a technique applied here, and thus
detailed description thereof is not provided; however, the
optimal technique was selected taking into account stability
of an analysis result, calculation time, or the like, and the
simulation was performed.

On the occasion of the simulation, fluid density was set to
1 [g/cm?], a diameter of the liquid ejection opening 61 was
set t0 0.15 [mm], and a standoff distance (distance from the
liquid ejection opening 61 to the surface of the cutting target
object) was set to 0.5 [m]. In addition, it was assumed that
the surface of the cutting target object was a flexibly elastic
flat body, and, as a physical model thereof, a Mooney-Rivlin
hyperelastic body having modulus of elasticity of about 9
[kPa] (about 3 [kPa] in shear modulus conversion) in
Young’s modulus conversion, when density was set to 1
[g/cm?], was used. As the breakdown threshold value, devia-
tion equivalent strain was set to 0.7.

According to the flow velocity waveform of the primary
jet, various flow velocity waveforms of the primary jets are
assumed and a total of 27 types were prepared in terms of
three types of waveforms of a sine wave, a triangle wave,
and a rectangular wave which are modified to have three
types of magnitudes (the maximum value of the flow veloc-
ity) in a range of 12 [m/s] to 76 [m/s] and to have three types
of duration time in a range of 63 [us] to 200 [us]. Further, the
flow velocity of the steady flow is set to 1 [m/s].

FIGS. 5A to 5C are diagrams showing a sine wave (5A),
a rectangular wave (5B), and a triangular wave (5C) which
are applied as the flow velocity waveform of the primary jet
in the simulation. A wave of which the duration time shown
in a solid line is 63 [us], a wave of which the duration time
shown in a dashed line is 125 [ps], and a wave of which the
duration time shown in a two-dot chain line is 200 [ps] were
prepared. Therefore, a pulsed liquid jet to which the pre-
pared waveform is applied as the flow velocity waveform of
the primary jet was generated, a simulation of breakdown
behavior of the flexibly elastic body, when the jet is ejected
to the flexibly elastic body, was performed, and examination
of the cutting depth or the cutting volume was performed.

FIGS. 6A to 6F are diagrams showing simulation results
which are plotted, in which the vertical axis represents the
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cutting depth of the cutting target object and the horizontal
axis represents the maximum mass flux Jm_max (6A), the
discharge mass M (6B), the maximum momentum flux
Jp_max (6C), the momentum P (6D), the maximum energy
flux Je_max (6F), and the energy E (6F). In FIGS. 6A to 6F,
a simulation result obtained when a sine wave having the
duration time of 63 [us] is applied as the flow velocity
waveform of the primary jet is plotted as a “*”, a simulation
result obtained when a sine wave having 125 [us] is applied
is plotted as a “4”, a simulation result obtained when a sine
wave having 200 [us] is applied is plotted as a “-”. In
addition, a simulation result obtained when a triangle wave
having the duration time of 63 [us] is applied as the flow
velocity waveform of the primary jet is plotted as a “+”, a
simulation result obtained when a triangle wave having 125
[us] is applied is plotted as a “x”, a simulation result
obtained when a triangle wave having 200 [us] is applied is
plotted as a “W”. In addition, a simulation result obtained
when a rectangular wave having the duration time of 63 [us]
is applied as the flow velocity waveform of the primary jet
is plotted as a “@”, a simulation result obtained when a
rectangular wave having 125 [us] is applied is plotted as a
black triangle, a simulation result obtained when a rectan-
gular wave having 200 [us] is applied is plotted as a “=".

As shown in FIGS. 6A, 6C, and 6F on the upper stage, it
turns out that relationships between three respective param-
eters of the maximum mass flux Jm_max, the maximum
momentum flux Jp_max, and the maximum energy flux
Je_max and the cutting depth are not close because disper-
sion thereof becomes great due to the shape of the waveform
applied as the flow velocity waveform of the primary jet.
Particularly, since the mass flux is a value proportional to the
flow velocity, it is indicated that the cutting depth is not
determined only by the maximum flow velocity of the
primary jet.

Next, when relationships between three respective param-
eters of the discharge mass M, the momentum P, and the
energy E shown in FIGS. 6B, 6D, and 6F on the lower stage
and the cutting depth are considered, the relationship
between the discharge mass M and the cutting depth is not
close because dispersion thereof becomes great by the shape
of the waveform applied as the flow velocity waveform of
the primary jet. In comparison, in terms of the relationship
with the momentum P and the energy E, dispersion is small
by the shape of the applied waveform and the respective
plots are distributed substantially on the same curve. In
terms of the momentum P and the energy E, the momentum
P has less dispersion. Accordingly, the cutting depth has a
close correlation with the momentum P or the energy E and,
particularly, has a strong correlation with the momentum P.

Further, the simulation was performed in a case where the
diameter of the liquid ejection opening was 0.15 [mm] and
the standoff distance was 0.5 [mm]; however, the simulation
was performed with a different diameter of the liquid ejec-
tion opening or a different standoff distance and it was
confirmed that a qualitative inclination, in which the cutting
depth has a close correlation with the momentum P or the
energy E, was not significantly changed.

FIGS. 7A to 7F are diagrams showing simulation results
which are plotted, in which the vertical axis represents the
cutting volume of the cutting target object and the horizontal
axis represents the maximum mass flux Jm_max (7A), the
discharge mass M (7B), the maximum momentum flux
Jp_max (7C), the momentum P (7D), the maximum energy
flux Je_max (7E), and the energy E (7F). The relationships
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between the shapes applied as the flow velocity waveform of
the primary jet and the types of plots are the same as those
in FIGS. 6A to 6F.

As shown in FIGS. 7A, 7C, and 7E on the upper stage, it
is considered that relationships between three respective
parameters of the maximum mass flux Jm_max, the maxi-
mum momentum flux Jp_max, and the maximum energy
flux Je_max and the cutting volume are not close, although
the relationships are closer than those with the cutting depth,
because dispersion thereof occurs by shapes of waveforms
applied as the flow velocity waveform of the primary jet.

Next, when relationships between three respective param-
eters of the discharge mass M, the momentum P, and the
energy E shown in FIGS. 7B, 7D, and 7F on the lower stage
and the cutting volume are considered, the relationship
between the discharge mass M and the cutting volume is not
close because dispersion thereof becomes great by the
shapes of the waveforms applied as the flow velocity wave-
form of the primary jet, similar to the cutting depth. Mean-
while, in terms of the relationship with the momentum P and
the energy E, dispersion is small by the shapes of the applied
waveforms, similar to the cutting depth, and the respective
plots are distributed substantially on the same straight line.
In addition, the energy E has less dispersion, compared to
the momentum P. Accordingly, the cutting volume has a
close correlation with the momentum P or the energy E and,
particularly, has a strong correlation with the momentum P.

Further, the simulation was performed in a case where the
diameter of the liquid ejection opening was 0.15 [mm] and
the standoff distance was 0.5 [mm]; however, the simulation
was performed with a different diameter of the liquid ejec-
tion opening or a different standoff distance and it was
confirmed that a qualitative inclination, in which the cutting
volume has a close correlation with the momentum P or the
energy E, was not significantly changed.

Based on the above examination results, in the embodi-
ment, the momentum P is focused. Also, a simulation is
performed in advance with a representative waveform as the
drive voltage waveform which is actually applied to the
piezoelectric element 45 and a correspondence relationship
among the momentum P, the rising frequency, the voltage
magnitude, and the repetitive frequency is obtained.

For this reason, first, a control parameter was changeably
set and a flow velocity waveform of the primary jet was
obtained through a simulation. The simulation can be easily
performed using a numerical simulation by using an equiva-
lent circuit method based on a model in which a channel
system of the liquid ejection device is replaced with fluid
(channel) resistance, fluid inertance, fluid compliance, or the
like. Otherwise, if higher accuracy is required, a fluid
simulation using a finite element method (FEM), a finite
volume method (FVM), or the like, may be used.

First, the voltage magnitude and the repetitive frequency
were fixed, a drive voltage waveform generated by changing
the rising frequency in a stepwise manner was applied, and
a flow velocity waveform of the primary jet was obtained
through a simulation. FIG. 8A is a diagram showing an
example of the applied drive voltage waveform. The respec-
tive drive voltage waveforms are generated when the voltage
magnitude is set to V2, a repetitive cycle Tp is set to T2, and
the rising time Tpr is extended from T21 to T25 in a stepwise
manner (the rising frequency is lowered in a stepwise
manner).

FIG. 8B is a diagram showing a simulation result of the
flow velocity waveform of the primary jet in a case where
respective drive voltage waveforms having different rising
frequencies shown in FIG. 8A are applied. As shown in FIG.
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8B, when the rising frequency is lowered (the rising time Tpr
is extended), the flow velocity waveform of the primary jet
has a start timing of rising which is not changed and has
extended duration time to the rising and has the flow velocity
magnitude (maximum value of the flow velocity) which
becomes smaller.

Second, the rising frequency and the repetitive frequency
were fixed, a drive voltage waveform generated by changing
the voltage magnitude in a stepwise manner was applied,
and a flow velocity waveform of the primary jet was
obtained through a simulation. FIG. 9A is a diagram show-
ing an example of the applied drive voltage waveform. The
respective drive voltage waveforms are generated when the
rising time Tpr is set to T31, a repetitive cycle Tp is set to
T33, and the voltage magnitude is decreased from V31 to
V35 in a stepwise manner.

FIG. 9B is a diagram showing a simulation result of the
flow velocity waveform of the primary jet in a case where
drive voltage waveforms having different voltage magni-
tudes shown in FIG. 9A are applied. As shown in FIG. 9B,
when the voltage magnitude is decreased, in the flow veloc-
ity waveform of the primary jet, which is different from that
in the case where the rising frequency is lowered, duration
time for rising is maintained and the flow velocity magni-
tude (maximum value of the flow velocity) becomes smaller.

Third, the rising frequency and the voltage magnitude
were fixed, a drive voltage waveform generated by changing
the repetitive frequency in a stepwise manner was applied,
and a flow velocity waveform of the primary jet was
obtained through a simulation. FIG. 10A is a diagram
showing an example of the applied drive voltage waveform.
The respective drive voltage waveforms are generated when
the rising time Tpr is set to T4, the voltage magnitude is set
to V4, and the repetitive cycle Tp extended from T41 to T45
in a stepwise manner (the repetitive frequency is lowered) in
a stepwise manner by widening a rising shape in the time
axis direction after the drive voltage is increased to the
maximum voltage.

FIG. 10B is a diagram showing a simulation result of the
flow velocity waveform of the primary jet in a case where
drive voltage waveforms having different repetitive frequen-
cies shown in FIG. 10A are applied. As shown in FIG. 10B,
when the repetitive frequency is lowered (the repetitive
cycle Tp is extended), the flow velocity waveform of the
primary jet has extended duration time which is not as long
as that in a case where the rising frequency is lowered. The
flow velocity magnitude (maximum value of the flow veloc-
ity) is maintained.

Subsequently, momentum P was obtained for each flow
velocity waveform of the obtained primary jet. To be more
exact, while the repetitive frequency was changed in the
manner described with reference to FIGS. 10A and 10B,
both simulation cases where the voltage magnitude was
fixed and the rising frequency was changed in the manner
described with reference to FIGS. 8A and 8B and a simu-
lation where the rising frequency is fixed and the voltage
magnitude is changed in the manner described with refer-
ence to FIGS. 9A and 9B, were performed for each repetitive
frequency. Also, momentum P of the flow velocity wave-
form of the primary jet obtained through each simulation
was obtained.

FIG. 11 is a diagram showing a correspondence relation-
ship among momentum P, the rising frequency, and the
voltage magnitude, obtained at the predetermined repetitive
frequency (for example, described as “F517). FIG. 11 is
made by depicting contour lines related to the momentum P
on a coordinate space with the vertical axis representing the
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rising frequency, and the horizontal axis representing the
voltage magnitude. The momentums P51, P52, and the like
on each contour line become less towards the lower left and
become greater by a predetermined amount towards the
upper right in FIG. 11. Further, although not shown, if the
momentums P obtained at another repetitive frequency are
plotted at the same coordinate space and depicted with
contour lines, a contour line diagram is obtained in terms of
a correspondence relationship among the momentums P, the
rising frequencies, and the voltage magnitudes at the repeti-
tive frequency.

Here, what is focused is that the momentums P are not
linearly changed with respect to a parameter in each coor-
dinate axis direction. For example, in the correspondence
relationship between the momentums P, the rising frequen-
cies, and the voltage magnitudes shown in FIG. 11, a case is
conceivable, in which the rising frequency is fixed (for
example, f5), the voltage magnitude is changeable, and the
drive voltage waveform of the piezoelectric element 45 is
controlled. In a case where an amount of change of the
momentums P is constant, a voltage magnitude change
between the voltage magnitudes V51 and V52 is required
between the momentums P51 and P52 and a voltage mag-
nitude change between the voltage magnitudes V52 and V53
is required between the momentums P52 and P53. However,
a voltage magnitude interval of the voltage magnitudes V51
and V52 is different from a voltage magnitude interval of the
voltage magnitudes V52 and V53. This phenomenon
remarkably occurs as the momentum P is increased. Accord-
ingly, when the rising frequency is fixed and an operation of
changing the voltage magnitude by a constant amount is
performed, the momentum P is not changed as intended,
which results in a situation in which the cutting depth or the
cutting volume is not changed as intended by a surgeon or
as exact as a surgeon’s sense. The same is true for the case
where the voltage magnitude is fixed and an operation of
changing the rising frequency by a constant amount is
performed.

Therefore, in an embodiment of the present invention, as
an operation performed by a surgeon during surgery, at least
an increase/decrease operation of the momentum P and an
increase/decrease operation of the repetitive frequency
momentum P are received and a table of the correspondence
relationships between the momentum P, the rising frequen-
cies, and the voltage magnitudes for the respective repetitive
frequencies on the contour lines obtained for the respective
repetitive frequencies described above is made in advance.
Also, in response to the increase/decrease operation of the
momentum P and the increase/decrease operation of the
repetitive frequency by a surgeon, the rising frequency and
the voltage magnitude corresponding to the momentum P
indicated from the correspondence relationship according to
the instructed repetitive frequency are specified and driving
of the piezoelectric element 45 is controlled.

Example 1

First, Example 1 is described. FIG. 12 is a diagram
showing an operation panel 80-1 which is provided in a
liquid ejection control device 70-1 according to Example 1.
As shown in FIG. 12, on the operation panel 80-1, a
momentum dial 811 as a first operation unit, a repetitive
frequency dial 813 as a second operation unit, a power
button 82, an ejection button 84, a pump drive button 85, and
a liquid crystal monitor 87 are disposed.

The momentum dial 811 is for inputting an instructing
value of momentum P (momentum instructing value) as a



US 9,456,841 B2

15

first instructing value, and has a configuration in which
five-level dial positions, to which, for example, scales of “1”
to “5” are assigned, are selectable. A surgeon increases or
decreases the momentum P in five levels by switching
between the dial positions of the momentum dial 811. For
example, a momentum instructing value is allocated to each
position of the dial in advance such that the momentum is
increased by a constant amount in proportion to a numerical
value on a corresponding scale. Further, the number of levels
of the dial positions is not limited to five and may be
appropriately set such as three levels of “large”, “interme-
diate”, and “small”, or possibly adjustment with no level.

The repetitive frequency dial 813 is for inputting an
instructing value of a repetitive frequency (repetitive fre-
quency instructing value) as a second instructing value, and,
similar to the momentum dial 811, has a configuration in
which five-level dial positions of “1” to “5” are selectable.
Further, when it is assumed that a surgeon mainly performs
the increase/decrease operation of the momentum P, the
repetitive frequency dial 813 may be configured to include
an activate switch for switching between validity and inva-
lidity of an operation with respect to the repetitive frequency
dial 813. The surgeon increases or decreases, in five levels,
the repetitive frequency (for example, from tens of [Hz] to
hundreds of [Hz]) of the drive voltage waveform repetitively
applied to the piezoelectric element 45 by switching
between the dial positions of the repetitive frequency dial
813. For example, a repetitive frequency instructing value is
allocated to each position of the dial in advance such that the
repetitive frequency is increased by a constant amount in
proportion to a numerical value on a corresponding scale.
Further, the number of levels of the dial positions is not
limited to five and the number of levels may be appropriately
set. In addition, the number of levels may be different from
that of the momentum dial 811.

In this manner, in Example 1, two operations performed
by a surgeon during surgery are the increase/decrease opera-
tion of the momentum P using the momentum dial 811 and
the increase/decrease operation of the repetitive frequency
using the repetitive frequency dial 813. Also, the rising
frequency is fixed, and a table of the correspondence rela-
tionships between the momentums P and the voltage mag-
nitudes at a predetermined rising frequency for each repeti-
tive frequency is made in advance. For example, in a case
where the rising frequency is f5 shown in FIG. 11, the
voltage magnitudes V51, V52, and the like at intersection
points A51, A52, and the like, with each contour line are
associated with the momentums P51, P52, and the like on
the corresponding contour lines, the rising frequency is set
to 15, and a data table at the repetitive frequency F51 is
made. Data tables are made for other repetitive frequencies
in the same manner.

Here, the rising frequency is fixed and a data table is
made. In comparison, a table may be made by determining
a reference line in the coordinate space shown in FIG. 11 and
acquiring the rising frequency and the voltage magnitude at
each intersection point at which the reference line intersects
with each contour line of the momentum P. For example, in
a case where a straight line illustrated in a dotted line shown
in FIG. 11 is the reference line, the rising frequencies and the
voltage magnitudes at intersection points with each contour
line are associated with the momentums P51, P52, and the
like on the corresponding contour line and a data table
thereof may be made. Further, the reference line illustrated
in the dotted line in FIG. 11 may not be a straight line, for
example, may be a curve.
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Also, the respective momentums P51, P52 and the like on
the respective contour lines are allocated as the momentum
instructing value in ascending order to the dial positions 1,
2, and the like of the momentum dial 811. Accordingly, the
momentum P can be changed by an amount of the same
extent when the momentum dial 811 moves to a position one
scale apart.

Meanwhile, the respective repetitive frequencies listed on
the data table are allocated as the repetitive frequency
instructing value in the order from the lower value to the dial
positions 1, 2, and the like of the repetitive frequency dial
813. For example, when the repetitive frequency dial 813
moves through the scales without a movement of the
momentum dial 811, it is possible to adjust a cutting speed
without changing the momentum P.

The power button 82 is for switching between ON and
OFF of the power. The ejection button 84 is for switching
between the ejection start and the ejection stop of the pulsed
liquid jet and provides the same function as that of the
ejection pedal 83 shown in FIG. 1. The pump drive button
85 is for switching between supply start and supply stop of
the liquid to the liquid ejection device 30 from the feeding
pump device 20.

In addition, on the liquid crystal monitor 87 of the
operation panel 80-1, a display screen, which displays the
momentum P, that is, primary jet momentum [uNs] 851 for
one pulse, a repetitive frequency [Hz] 853, momentum per
unit time, which is obtained by multiplying the momentum
and the repetitive frequency, that is, a force [mN] 855, is
displayed, and current values of the respective values (here-
inafter, collectively referred to as momentum information)
are renewed and displayed. Here, a value displayed in the
primary jet momentum 851 is the current value of the
momentum instructing value and a value displayed on the
repetitive frequency 853 is the repetitive frequency instruct-
ing value. A surgeon can check the current values of the
momentum P, the repetitive frequency, or the momentum
(force) per unit time, related to the pulsed liquid jet ejected
from the liquid ejection opening 61, on the display screen
during surgery and can perform operations.

Further, as shown in FIG. 12, on the display screen during
surgery, three values of the momentum P, the repetitive
frequency, and the momentum P per unit time need not to be
displayed and a configuration in which at least one of the
momentum P and the repetitive frequency is displayed may
be employed. In addition, one or both of the current rising
frequency (or rising time Tpr) and the voltage magnitude, as
well as the momentum P or the repetitive frequency, may be
together displayed. In addition, the display of the respective
values is not limited to a case of performing by the display
of the numerical values shown in FIG. 12, the display may
be performed by a meter display or changes of the momen-
tum P, the repetitive frequency, or the like along with the
increase/decrease operation from the ejection start of the
pulsed liquid jet may be displayed as a graph.

FIG. 13 is a block diagram showing an example of a
functional configuration of the liquid ejection control device
according to Example 1. As shown in FIG. 13, the liquid
ejection control device 70-1 includes an operation unit 71, a
display unit 73, a controller 75, and a storage unit 77.

The operation unit 71 is realized by various switches such
as a button switch, a lever switch, a dial switch, a pedal
switch, input devices such as a touch panel, a trackpad, a
mouse, or the like, and an operation signal in response to an
operation input is output to the controller 75. The operation
unit 71 includes the momentum dial 811 and the repetitive
frequency dial 813. In addition, although not shown, the
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operation unit 71 includes the ejection pedal 83 in FIG. 1,
the power button 82, the ejection button 84 and the pump
drive button 85 on the operation panel 80-1 shown in FIG.
12.

The display unit 73 is realized by a display device such as
a liquid crystal display (LCD) or an electroluminescence
(EL) display and various screens such as the display screen
shown in FIG. 12 are displayed based on the display signal
input from the controller 75. For example, the liquid crystal
monitor 87 in FIG. 12 corresponds to the display unit.

The controller 75 is realized by a microprocessor such as
a central processing unit (CPU) or a digital signal processor
(DSP), a control device such as an application specific
integrated circuit (ASIC), and a computing device, and
controls collectively the respective units of the liquid ejec-
tion system 1. The controller 75 includes a piezoelectric
element control unit 751, a pump control unit 756, and a
momentum display control unit 757 as a display control unit.
Further, the respective units configuring the controller 75
may be configured of hardware such as a dedicated module
circuit.

The piezoelectric element control unit 751 includes a
rising frequency setting section 752, a voltage magnitude
setting section 753, and a repetitive frequency setting sec-
tion 754. Depending on the dial position of the momentum
dial 811 and the dial position of the repetitive frequency dial
813, the rising frequency setting section 752 sets the rising
frequency of the drive voltage waveform, the voltage mag-
nitude setting section 753 sets the voltage magnitude of the
drive voltage waveform, and the repetitive frequency setting
section 754 sets the repetitive frequency of the drive voltage
waveform.

The piezoelectric element control unit 751 sets the drive
voltage waveform in response to the rising frequency, the
voltage magnitude, and the repetitive frequency set by the
respective sections 752, 753, and 754 and performs control
of applying the drive signal of the set waveform to the
piezoelectric element 45. At this time, as a rising shape
setting unit, the piezoelectric element control unit 751
changeably sets a shape of a waveform (falling waveform)
of a falling portion of the drive voltage waveform in the
manner shown in FIG. 10A such that the repetitive fre-
quency becomes a frequency set as the repetitive frequency
instructing value by the repetitive frequency setting section
754.

The pump control unit 756 outputs a drive signal to the
feeding pump device 20 and drives the feeding pump device
20. The momentum display control unit 757 performs con-
trol of displaying a momentum instructing value (that is, a
current value of the momentum P) allocated to a dial
position of the momentum dial 811 being selected, a repeti-
tive frequency instructing value (that is, a current value of
the repetitive frequency) allocated to a dial position of the
repetitive frequency dial 813 being selected, and momentum
per unit time, which is obtained by multiplying the above
values.

The storage unit 77 is realized by various integrated
circuit (IC) memories such as read only memory (ROM),
flash ROM, or random access memory (RAM), or a record-
ing medium such as a hard disk. In the storage unit 77, a
program for causing the liquid ejection system 1 to operate
and realizing various functions provided in the liquid ejec-
tion system 1, data used during execution of the program, or
the like is stored in advance, or the program and the data are
temporarily stored for each process.

In addition, in the storage unit 77, a momentum conver-
sion table 771 is stored. The momentum conversion table
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771 is a data table in which correspondence relationships
among the momentum P, the rising frequency, and the
voltage magnitude for each repetitive frequency described
above are set with reference to FIG. 11.

FIG. 14 is a diagram showing an example of a data
configuration of the momentum conversion table 771. As
shown in FIG. 14, the momentum conversion table 771 is a
data table in which the dial position (scale) of the repetitive
frequency dial 813, the repetitive frequency instructing
value allocated to the dial position, the dial position of the
momentum dial 811, the momentum instructing value allo-
cated to the dial position, the voltage magnitude, and the
rising frequency are associated and a correspondence rela-
tionship between the momentum P and the voltage magni-
tude at a predetermined rising frequency f 001 is set for
each repetitive frequency.

With reference to the momentum conversion table 771,
the rising frequency setting section 752 fixedly sets the
rising frequency to be f_001. The voltage magnitude setting
section 753 reads and sets the voltage magnitude corre-
sponding to combination of the respective dial positions of
the momentum dial 811 and the repetitive frequency dial 813
being selected, from the momentum conversion table 771,
and reads the voltage magnitude corresponding to combi-
nation of the dial positions of the respective dials 811 and
813 from the momentum conversion table 771 and the
setting is renewed in a case where one of the momentum dial
811 and the repetitive frequency dial 813 is operated.

In addition, the repetitive frequency setting section 754
reads the repetitive frequency instructing value correspond-
ing to the dial position of the repetitive frequency dial 813
being selected from the momentum conversion table 771
and sets the repetitive frequency and reads the repetitive
frequency instructing value of the selected dial position from
the momentum conversion table 771 and renews the setting
of the repetitive frequency in a case where the repetitive
frequency dial 813 is operated.

Flow of Process

FIG. 15 is a flowchart showing a flow of a process which
is performed by the controller 75 on the occasion of ejection
of'a pulsed liquid jet. First, the pump control unit 756 drives
the feeding pump device 20, the piezoelectric element
control unit 751 drives the piezoelectric element 45, and the
ejection of the pulsed liquid jet is started (step S111). At this
time, the rising frequency setting section 752 reads and sets
the rising frequency set in the momentum conversion table
771, as a fixed value. In addition, the voltage magnitude
setting section 753 acquires dial positions of the momentum
dial 811 and the repetitive frequency dial 813 being selected
and reads and sets the voltage magnitude corresponding to
the combination thereof from the momentum conversion
table 771. Further, the repetitive frequency setting section
754 reads the repetitive frequency instructing value allo-
cated to the dial position of the repetitive frequency dial 813
being selected from the momentum conversion table 771
and sets the repetitive frequency. Also, the piezoelectric
element control unit 751 sets the drive voltage waveform
depending on the rising frequency, the voltage magnitude,
and the repetitive frequency and applies the drive signal of
the set drive voltage waveform to the piezoelectric element
45.

In addition, the momentum display control unit 757
performs control of displaying the momentum information
on the display unit 73 (step S113). For example, the momen-
tum display control unit 757 reads the momentum instruct-
ing value allocated to the dial position of the momentum dial
811 from the momentum conversion table 771 and the
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momentum display control unit calculates momentum per
unit time, which is a product of the above momentum
instructing value and the repetitive frequency instructing
value read in step S111. Also, the momentum display control
unit 757 performs a display process of the display screen on
which the momentum instructing value, the repetitive fre-
quency instructing value, and the momentum per unit time,
are displayed as momentum information, on the display unit
73. Further, in terms of the momentum per unit time, a
calculation configuration is not limited to a configuration in
which calculation is performed in display control of the
momentum information and a configuration in which the
momentum is set in the momentum conversion table 771 or
the like and is read may be employed.

Then, the controller 75 monitors an operation of the
momentum dial 811 in step S115 until it is determined that
the ejection of the pulsed liquid jet is ended by the operation
of the ejection pedal 83 and the ejection button 84 (NO in
step S133) and the controller monitors an operation of the
repetitive frequency dial 813 in step S123.

Also, in a case where the momentum dial 811 is operated
(YES in S115), the voltage magnitude setting section 753
reads the voltage magnitude corresponding to the combina-
tion of the selected dial position and the dial position of the
repetitive frequency dial 813 being selected from the
momentum conversion table 771 and renews the setting of
the voltage magnitude (step S117). Then, the piezoelectric
element control unit 751 sets the drive voltage waveform
depending on the set repetitive frequency, the rising fre-
quency, and the voltage magnitude and applies the drive
signal of the set drive voltage waveform to the piezoelectric
element 45 (step S119).

In addition, the momentum display control unit 757 reads
the momentum instructing value allocated to the selected
dial position from the momentum conversion table 771 and
performs control of renewal of display on the display unit 73
(step S121).

Meanwhile, in a case where the repetitive frequency dial
813 is operated (YES in step S123), the repetitive frequency
setting section 754 reads the repetitive frequency instructing
value allocated to the selected dial position from the
momentum conversion table 771 and renews the setting of
the repetitive frequency (step S125). Subsequently, the volt-
age magnitude setting section 753 reads the voltage mag-
nitude corresponding to the combination of the selected dial
position and the dial position of the momentum dial 811
being selected, from the momentum conversion table 771,
and renews the setting of the voltage magnitude (step S127).
Then, the piezoelectric element control unit 751 sets the
drive voltage waveform depending on the set repetitive
frequency, the rising frequency, and the voltage magnitude
and applies the drive signal of the set drive voltage wave-
form to the piezoelectric element 45 (step S129).

In addition, the momentum display control unit 757 reads
the repetitive frequency allocated to the selected dial posi-
tion from the momentum conversion table 771 and performs
control of renewal of display on the display unit 73 (step
S131).

According to Example 1, a correspondence relationship
between the momentum P and the voltage magnitude at the
predetermined rising frequency at each repetitive frequency
is set in advance. Therefore, it is possible to set the optimal
voltage magnitude for achieving the cutting depth and the
cutting volume as exact as an operational sense based on the
correspondence relationship and to control the drive voltage
waveform of the piezoelectric element 45. For example,
when the momentum dial 811 moves to a position one scale
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apart, the momentum P is changed by an amount corre-
sponding to a scale interval. Therefore, it is possible to
realize the cutting depth or the cutting volume as intended by
auser and as exact as the operational sense and it is possible
to improve usability.

In addition, it is possible to increase and decrease the
repetitive frequency such that the momentum P becomes the
momentum instructing value. Accordingly, when the scale of
the momentum dial 811 is not changed and only the scale of
the repetitive frequency dial 813 is changed, the cutting
depth or the cutting volume is maintained to be constant by
the pulsed liquid jet for one pulse, it is possible to adjust the
cutting speed as intended to be proportional to the repetitive
frequency, and an improvement of the usability is achieved.

Example 2

Next, Example 2 is described. The same signs are
assigned to the same components as those in Example 1.
FIG. 16 is a diagram showing an operation panel 80-2
provided in a liquid ejection control device 70-2 according
to Example 2. As shown in FIG. 16, on the operation panel
80-2, the momentum dial 811, the repetitive frequency dial
813, a rising frequency dial 8154 as a third operation unit,
the power button 82, the ejection button 84, the pump drive
button 85, and the liquid crystal monitor 87 are disposed.

The rising frequency dial 8154« is for inputting an instruct-
ing value of a rising frequency (rising frequency instructing
value) as a third instructing value, and has a configuration in
which five-level dial positions, to which, for example, scales
of “1” to “5” are assigned, are selectable. Similar to the
repetitive frequency dial 813, the rising frequency dial 815a
may also have the configuration in which an activate switch
is provided. A surgeon increases or decreases the rising
frequency in five levels by switching between the dial
positions of the rising frequency dial 815a. A rising fre-
quency instructing value is allocated to each position of the
dial in advance such that the rising frequency is increased by
a constant amount in proportion to a numerical value on a
corresponding scale. Further, the number of levels of the dial
positions is not limited to five and may be appropriately set.
In addition, the number of levels may be different from that
of the momentum dial 811 or the repetitive frequency dial
813.

In this manner, in Example 2, three operations performed
by a surgeon during surgery are the increase/decrease opera-
tion of the momentum P using the momentum dial 811, the
increase/decrease operation of the repetitive frequency using
the repetitive frequency dial 813, and the increase/decrease
operation of the rising frequency using the rising frequency
dial 8154, and the correspondence relationship between the
momentum P, the rising frequency, and the voltage magni-
tude for each repetitive frequency is listed in a table. When
the momentum P51 shown in FIG. 11 is focused, for
example, rising frequencies 161, {62, and the like, having the
same frequency interval and voltage magnitudes V61, V62,
and the like at intersection points A61, A62, and the like,
with each contour line are associated with each other and a
data table is made. Also, the rising frequencies f61, 62, and
the like, are allocated as the rising frequency instructing
values in this order to the respective dial positions 1, 2, and
the like of the rising frequency dial 815a.

FIG. 17 is a block diagram showing an example of a
functional configuration of the liquid ejection control device
according to Example 2. As shown in FIG. 17, the liquid
ejection control device 70-2 includes an operation unit 71a,
the display unit 73, a controller 754, and a storage unit 77a.
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The operation unit 71a includes the momentum dial 811,
the repetitive frequency dial 813, and the rising frequency
dial 815a.

In addition, the controller 754 includes a piezoelectric
element control unit 751a, the pump control unit 756, and
the momentum display control unit 757. The piezoelectric
element control unit 751a includes a rising frequency setting
section 752a, a voltage magnitude setting section 753a, and
the repetitive frequency setting section 754.

In the storage unit 77a4, a momentum conversion table
771a is stored. FIG. 18 is a diagram showing an example of
a data configuration of the momentum conversion table 771a
in Example 2. As shown in FIG. 18, the momentum con-
version table 771a is a data table in which the dial position
(scale) of the repetitive frequency dial 813, the repetitive
frequency instructing value allocated to the dial position, the
dial position of the momentum dial 811, the momentum
instructing value allocated to the dial position, and the dial
position of the rising frequency dial 815a, the rising fre-
quency instructing value allocated to the dial position, and
the voltage magnitude are associated and a correspondence
relationship among the momentum P and the voltage mag-
nitude, and the rising frequency is set for each repetitive
frequency.

With reference to the momentum conversion table 771a,
the rising frequency setting section 752a reads the rising
frequency instructing value corresponding to the dial posi-
tion of the rising frequency dial 815a being selected, from
the momentum conversion table 771a and sets the rising
frequency, and the repetitive frequency setting section reads
the rising frequency instructing value of the selected dial
position from the momentum conversion table 771a and
renews the setting of the rising frequency in a case where the
rising frequency dial 815a is operated. The voltage magni-
tude setting section 753a reads and sets the voltage magni-
tude corresponding to combination of the respective dial
positions of the momentum dial 811, the repetitive fre-
quency dial 813, and the rising frequency dial 8154, being
selected from the momentum conversion table 771a, and
reads the voltage magnitude corresponding to combination
of the dial positions of the respective dials 811,813, and
8154 from the momentum conversion table 771a and the
setting is renewed in a case where one of the momentum dial
811, the repetitive frequency dial 813, and the rising fre-
quency dial 815q is operated.

Flow of Process

FIG. 19 is a flowchart showing a process which is
performed by the controller 75a on the occasion of ejection
of a pulsed liquid jet. Further the same signs are assigned to
the same processes as those in FIG. 15.

In Example 2, in step S111, the rising frequency setting
section 752a reads the rising frequency instructing value
allocated to the dial position of the rising frequency dial
8154 being selected from the momentum conversion table
771a and sets the rising frequency.

In addition, in step S233, the operation of the rising
frequency dial 8154 is monitored. Also, in a case where the
rising frequency dial 815a is operated (YES in step S233),
the rising frequency setting section 752a reads the rising
frequency instructing value allocated to the selected dial
position from the momentum conversion table 771a and
renews the setting of the rising frequency (step S235).
Subsequently, the voltage magnitude setting section 753a
reads the voltage magnitude corresponding to the combina-
tion of the selected dial position and the respective dial
positions of the momentum dial 811 and the rising frequency
dial 815a being selected from the momentum conversion
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table 771a and renews the setting of the voltage magnitude
(step S237). Then, the piezoelectric element control unit
751a sets the drive voltage waveform depending on the set
repetitive frequency, the rising frequency, and the voltage
magnitude and applies the drive signal of the set drive
voltage waveform to the piezoelectric element 45 (step
S239).

According to Example 2, a correspondence relationship
between the momentum P, the rising frequency, and the
voltage magnitude is set for each repetitive frequency in
advance and it is possible to control the drive voltage
waveform of the piezoelectric element 45 such that the
momentum P becomes the momentum instructing value
even when the rising frequency is increased or decreased.

Further, in the embodiment described above, the case
where the momentum P is increased or decreased in a
stepwise manner through an operation of the momentum dial
811, the case where the repetitive frequency is increased or
decreased in a stepwise manner through an operation of the
repetitive frequency dial 813, and the case where the rising
frequency is increased or decreased in a stepwise manner
through an operation of the rising frequency dial 8154, are
described. In comparison, the respective dials 811, 813,
8154 may have a configuration in which the momentum
instructing value, the repetitive frequency instructing value,
or the rising frequency instructing value can be steplessly
adjusted even at a position (intermediate position) between
the dials to which scales are assigned.

As a specific process, for example, when the momentum
dial 811 is focused and a dial position between the scales is
selected, with reference to the momentum conversion table
771 (FIG. 14) or the momentum conversion table 771a (FIG.
18), the momentum instructing value associated with the
dial position of the scales before and after the selected
momentum P and the voltage magnitudes corresponding to
these momentum instructing values are read. Also, linear
interpolation is performed using the respective read voltage
magnitudes and a voltage magnitude corresponding to the
momentum P between currently selected dial positions is
specified.

In order to achieve higher accuracy, the voltage magni-
tudes corresponding to the dial positions (momentum
instructing values) of not only the scales before and after, but
also scales before and after one scale further of the selected
momentum P may be read. Also, polynomial interpolation
may be performed using the respective read voltage mag-
nitudes and a voltage magnitude corresponding to the
momentum P between the currently selected dial positions
may be specified.

In addition, even in a case where the position (interme-
diate position) between the dial positions of the repetitive
frequency dial 813 or the rising frequency dial 815a is
selected, it is possible to specity a voltage magnitude by
performing the same interpolation.

In addition, in the embodiment described above, as
described with reference to FIG. 10A, in order to increase
and decrease the repetitive frequency, the rising shape is
changeably set. In comparison, the entire drive voltage
waveform is simply widened or contracted in the time axis
direction, and thereby the repetitive frequency may be
increased and decreased. In this case, a simulation, which is
performed when the momentum conversion tables 771 and
771a are made, is performed while the repetitive frequency
is changed in the manner described above.
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In addition, in the embodiment described above, the rising
frequency is illustrated as a rising index value. In compari-
son, instead of the repetitive frequency, the rising time Tpr
may be used.

In addition, the momentum dial 811, the repetitive fre-
quency dial 813, and the rising frequency dial 8154a are not
limited to a case of being realized by a dial switch and, for
example, the dials may be realized by a lever switch, a
button switch, or the like. In addition, the dials may be
realized by a key switch through software, or the like, with
the display unit 73 as a touch panel. In this case, a user
operates the touch panel which is the display unit 73 and
inputs the momentum instructing value, the repetitive fre-
quency instructing value, and the rising frequency instruct-
ing value.

In addition, in the embodiment described above, the
piezoelectric element control units 751 and 751a are
described to set the drive voltage waveform depending on
the set rising frequency, the voltage magnitude, and the
repetitive frequency (for example, step S111, S119, or the
like in FIG. 15). In comparison, for each one of the possible
combinations of the rising frequency, the voltage magnitude,
and the repetitive frequency, the drive voltage waveform for
one cycle may be generated in advance and may be stored
as waveform data associated with the corresponding com-
bination, in the storage units 77 and 77a. Also, the waveform
data corresponding to the combination of the set rising
frequency, the voltage magnitude, and the repetitive fre-
quency may be read and a drive signal depending on the read
waveform data may be applied to the piezoelectric element
45.

In addition, in the embodiment described above, a con-
figuration, in which the pulsed liquid jet having the momen-
tum in the range from 2 [nNs] to 2 [mNs] or the kinetic
energy in the range from 2 [nJ] to 200 [mJ] is ejected, is
disclosed and more preferably, a configuration, in which the
pulsed liquid jet having the momentum in the range from 20
[nNs] to 200 [uNs] or the kinetic energy in the range from
40 [n]] to 10 [mJ] is ejected, may be employed. In this
manner, it is possible to appropriately cut a living tissue or
a gel material.

What is claimed is:

1. A liquid ejection control device in which a predeter-
mined drive voltage waveform is applied to a piezoelectric
element to control the ejection of a pulsed liquid jet of liquid
having a pulsed shape from a liquid ejection device that uses
the piezoelectric element, the liquid ejection control device
comprising:

a first operation unit for inputting a first instructing value

related to momentum of the pulsed liquid jet;

a second operation unit for inputting a second instructing
value related to a number of times an ejection of the
pulsed liquid is performed per unit time; and

a voltage magnitude setting section that sets voltage
magnitude of the drive voltage waveform such that the
momentum becomes the first instructing value, based
on an index value related to rising of the drive voltage
waveform and the second instructing value.

2. The liquid ejection control device according to claim 1,

further comprising:

a third operation unit for inputting a third instructing
value related to the index value.
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3. A liquid ejection system comprising:

the liquid ejection control device according to claim 2;

a liquid ejection device; and

a feeding pump device.

4. The liquid ejection control device according to claim 1,

further comprising:

a falling shape setting section that changeably sets a
falling shape of the drive voltage waveform depending
on the second instructing value.

5. A liquid ejection system comprising:

the liquid ejection control device according to claim 4;

a liquid ejection device; and

a feeding pump device.

6. The liquid ejection control device according to claim 1,

further comprising:

a display control unit that performs control of display of
at least one of the first instructing value and the second
instructing value.

7. A liquid ejection system comprising:

the liquid ejection control device according to claim 6;

a liquid ejection device; and

a feeding pump device.

8. The liquid ejection control device according to claim 1,

wherein the liquid ejection device is controlled such that
the pulsed liquid jet has momentum in a range from 2
[aNs (nanonewton seconds)] to 2 [mNs (millinewton
seconds)] or kinetic energy in a range from 2 [n]
(nanojules)] to 200 [(mJ (millijules)].

9. A liquid ejection system comprising:

the liquid ejection control device according to claim 8;

a liquid ejection device; and

a feeding pump device.

10. The liquid ejection control device according to claim

15

wherein the liquid ejection device is controlled to cut a
living tissue using the pulsed liquid jet.

11. A liquid ejection system comprising:

the liquid ejection control device according to claim 10;

a liquid ejection device; and

a feeding pump device.

12. A liquid ejection system comprising:

the liquid ejection control device according to claim 1;

a liquid ejection device; and

a feeding pump device.

13. A control method in which a predetermined drive
voltage waveform is applied to a piezoelectric element to
control the ejection of a pulsed liquid jet of liquid having a
pulsed shape from a liquid ejection device that uses the
piezoelectric element, the control method comprising:

inputting a first instructing value related to momentum of

the pulsed liquid jet;

inputting a second instructing value related to the number

of times an ejection of the pulsed liquid is performed
per unit time; and

setting voltage magnitude of the drive voltage waveform

such that the momentum becomes the first instructing
value, based on an index value related to rising of the
drive voltage waveform and the second instructing
value.



